The functional significance of the chemokine receptor CCR5 in human breast cancer epithelial cells is poorly understood. Here, we report that CCR5 expression in human breast cancer correlates with poor outcome. CCR5 þ breast cancer epithelial cells formed mammospheres and initiated tumors with >60fold greater efficiency in mice. Reintroduction of CCR5 expression into CCR5-negative breast cancer cells promoted tumor metastases and induced DNA repair gene expression and activity. CCR5 antagonists Maraviroc and Vicriviroc dramatically enhanced cell killing mediated by DNA-damaging chemotherapeutic agents. Single-cell analysis revealed CCR5 governs PI3K/Akt, ribosomal biogenesis, and cell survival signaling. As CCR5 augments DNA repair and is reexpressed selectively on cancerous, but not normal breast epithelial cells, CCR5 inhibitors may enhance the tumor-specific activities of DNA damage response-based treatments, allowing a dose reduction of standard chemotherapy and radiation.
Introduction
In 2012, more than 521,000 women died from breast cancer worldwide (1), and more than 40,000 women in the United States are predicted to die from breast cancer in 2017 (2) . Relapses occur in 20%-30% of patients and patients die primarily from metastatic breast cancer (3) . The basal breast cancer genetic subtype is associated with increased risk of metastasis and reduced survival rates compared with either luminal A or B tumors (4, 5) . Recent studies of more than 2,000 patients demonstrated that the G protein-coupled receptor family (GPCR) member CCR5 is overexpressed in >50% of human breast cancer and in most basal breast cancers (6) . In normal physiology, CCR5 is restricted to a subset of immune cells. Oncogenic transformation of immortalized human breast cancer cells with a single oncogene (either Ha-Ras, RAS, c-Myc, v-Src, or ErbB2) is sufficient for the induction of CCR5 expression (6) . Interrogation of microarray databases of 2,254 human breast cancers demonstrated that CCL5/CCR5 signaling is activated primarily in the basal and Her2 breast cancer subtypes (6) . The CCR5 ligand CCL5 (RANTES) also correlates with disease progression in patients with breast cancer (7, 8) and additional ligands for CCR5 have been described, many of which are secreted from breast tumor stroma (9) .
Highly specific CCR5 inhibitors (Maraviroc and Vicriviroc) were developed for treatment of HIV, which deploys CCR5 as a coreceptor for cellular entry (10) . These small-molecule inhibitors have undergone extensive testing of their specificity in modeling, mutagenesis, crystallography, and subsequent testing in tissue culture, in animals and in humans (11) (12) (13) (14) (15) . Extensive use of Maraviroc in the clinic has demonstrated the drug is well tolerated, and does not compromise immune responses. The discovery that CCR5 is selectively reexpressed on the surface of tumor cells during the dedifferentiation and transformation process (6) has led to interest in targeting CCR5 for cancer therapy. An analysis of CCR5 protein levels and the function of CCR5 in breast cancer epithelial cells remained to be determined.
The cancer stem cell (CSC) concept proposes that a subpopulation at the top of the tumor cell hierarchy contributes to tumor heterogeneity and is uniquely capable of seeding new tumors (16, 17) . CSCs grow in spheres in nutrient-poor medium, are capable of initiating tumors in mice, and contribute to metastasis and therapy resistance (18, 19) . The mechanisms by which CSCs survive chemotherapy-and radiotherapy-induced death are multifactorial and correlate with mechanisms protecting genomic integrity (20) . The ability of CSCs to survive stressful conditions correlates with prompt activation of the DNA damage sensor and repair machinery. High-dose radiation and alkylating agents induce single-strand breaks that are repaired by the base excision repair (BER) process and double strand breaks that are repaired by homologous recombination repair and by nonhomologous end joining (NHEJ). The BER system targets small chemical alterations (base modifications) and includes PCNA and LIG3 (ligase 3 DNA ATP-dependent polymerase; DNA-directed).
CCR5 mRNA is overexpressed in approximately 50% of human breast cancers and contributes to the homing component of the breast cancer metastasis process (6) . CCR5 inhibitors dramatically reduced breast cancer metastasis in vivo (6) . Given the importance of cancer stem cells to the metastatic cancer phenotype we hypothesized that CCR5 may contribute stem cell-like characteristics and potentially enhance DNA repair.
Materials and Methods
Reagents and antibodies CCL5 (catalog no. 278-RN) and anti-CCR5 allophycocyanin (APC) antibody (catalog no. FAB1802A) were purchased from R&D Systems. The anti-vinculin rabbit polyclonal antibody (H-300, SC-5573) was from Santa Cruz Biotechnology. Anti-gH2AX (S139; 20E3, #9718) and anti-pAkt1 (S473) (D7F10, #9018) rabbit mAbs were from Cell Signaling Technology. The plasmids used in DNA repair reporter assay include DR-GFP, SA-GFP, NZ-GFP (pCAGGS-NZEGFP), I-SceI (pCAGGS-I-SceI, called pCbASce), and empty vector (pCAGGS-BSKX) obtained from Dr. Jeremy M. Stark (City of Hope, Duarte, CA; ref. 21) . Doxorubicin was obtained from Sigma. Vicriviroc and Maraviroc were obtained from Selleck Chemicals. Luciferin was obtained from Gold Biotechnology. GDC-0068 (ipatasertib) was obtained from Selleck Chemicals. For in vitro treatments, Maraviroc was dissolved in DMSO and diluted in culture medium. The final concentration of DMSO in treated and control cultures was 0.5%. Vicriviroc was dissolved in culture medium.
Cell lines
HCC70, HCC1395, HCC1569, HCC1937, MDA-MB-175VII, MDA-MB-231, and MDA-MB-436 cell lines were obtained from ATCC. SUM149, SUM1315MO2, and SUM159 cell lines were kindly provided by Dr. Stephen Ethier (Wayne State University, Detroit, MI). FC-IBC-02 cells were generated in M. Cristofanilli's laboratory. HCC70, HCC1395, HCC1569, HCC1937, MDA-MB-231, MDA-MB-436, SUM149, SUM1315MO2, and SUM159 cell lines were obtained in the early 2000s and cultured as described previously (22) . All of them were genotyped (Genetica DNA Laboratories) within the past year to confirm identity and tested to ensure absence of mycoplasma contamination using PCR-based assays. The FC-IBC-02 cell line was certified by ATCC STR profile testing in August 2017. MDA-MB-175VII cell line was purchased recently. The early passages of the cells were stored. The cells thawed from low passage stocks were used within one month of the initial thaw. During the experiments, the morphology of all cell lines was checked under phase contrast microscope routinely. All of the newly revived cells were treated with BM-cyclins (Roche) and the mycoplasma contamination was determined with Hoechst 33258 staining under high magnification fluorescent microscope.
Doxorubicin-resistant breast cancer cell lines were derived through growth survival selection in doxorubicin. SUM-159 cells were grown in 10 nmol/L for 1 month, then 20 nmol/L for 1 month, and then 40 nmol/L for 3 weeks, prior to analysis. FC-IBC-02 cells were grown in 40 nmol/L doxorubicin for 1 month prior to analysis. MDA-MB-231 cells were grown in 20 nmol/L doxorubicin for 1 month then 40 nmol/L doxorubicin for 3 weeks prior to analysis.
Viral cell transduction
A lentiviral vector encoding firefly luciferase 2 (Luc2)-eGFP fusion protein was a generous gift from Dr. Gambhir (School of Medicine, Stanford University, Stanford, CA; ref. 23 ). Lentivirus propagation was performed following the protocol described by Zahler and colleagues (24) . Breast cancer cell lines were transduced at a multiplicity of infection of 20 in the presence of 8 mg/mL polybrene (Sigma) for 24 hours (23, 24) .
FACS analysis
Cell labeling and FACS analysis for CCR5 and breast stem cell markers were based on prior publications (6, 25) with minor modifications. Before labeling, the cells were blocked with normal mouse IgG (1/100) and purified rat anti-mouse Fcg III/II receptor antibody (1/100) (Pharmingen) for 30 minutes and then incubated with either APC-labeled CCR5 antibody (R&D Systems) alone or combining with antibodies of PE conjugated anti-human CD24 (ML5, BD-Pharmingen), FITC conjugated anti-human CD44 (G44-26, BD-Pharmingen) and PE/Cy7 conjugated anti-human EpCAM (G8.8, Biolegend). All experiments were conducted at 4 C. Sample analysis was performed on either FACSCalibur or FACSCanto flow cytometer (BD Biosciences). The data were analyzed with FlowJo software (Tree Star, Inc.).
Tumor formation assay
12-week-old Female NCr nu/nu (NCI, Bethesda, MD) mice received 4,000 FACS-sorted CCR5 þ or CCR5 À cells suspended in 50 mL of Dulbecco PBS lacking calcium and magnesium (DPBS) and 50 mL of BD Matrigel Basement Membrane Matrix (BD Biosciences) by subcutaneous injection at one dorsal flank. The injection was performed using 27.5-gauge needle. Tumor progression was followed by measurement of bioluminescence once a week until tumor excision, using the IVIS LUMINA XR system (Caliper Life Sciences). Briefly, for in vivo imaging, mice received the substrate of luciferase, D-luciferin (Gold Biotechnology), at 15 mg/mL in PBS by intraperitoneal injection of 10 mL of luciferin stock solution per gram of body weight (manufacturer's recommendation) and were anesthetized by exposure to 3% isoflurane. At 10 to 15 minutes after D-luciferin injection, animals were placed inside the camera box of the IVIS Lumina XR and received continuous exposure to 2.5% isoflurane. Imaging time ranged from 5 minutes (for earlier time points) to 5 seconds (for later time points), depending on the bioluminescence of the neoplastic lesion. Regions of interest from displayed images were drawn around the tumor sites and quantified using the Living Image 3.0 software (Caliper Life Sciences). Tumor samples were harvested after 4 months. For the tumor formation by CCR5 and control vector stable transfected cells, 1 Â 10 6 cells were subcutaneously injected into the mice and the tumor samples were harvested after 6 weeks. Before injection, the viability of the cells was checked by Trypan blue staining. All experiments involving mice were carried out under the approval of Institutional Animal Care and Use Committee of the Thomas Jefferson University (Philadelphia, PA).
Experimental metastasis assay and bioluminescence imaging
SUM-159 cells expressing Luc2-eGFP (called SUM-159.pFLUG for the rest of the paper) were detached with a nonenzymatic cell dissociation buffer (4 mmol/L EDTA in Ca 2þ and Mg 2þ -free PBS), resuspended in Dulbecco PBS without Ca 2þ and Mg 2þ , and immediately injected intracardiac to 8-week-old, female NOD/ SCID mice (NCI, Bethesda, MD). Each mouse received 2 Â 10 5 cells. Mice were treated by oral gavage with Maraviroc (8 mg/kg every 12 hours) or vehicle (5% DMSO in acidified water; ref. 26 ). Treatment was started immediately after injection. For in vivo bioluminescence imaging, mice were given an intraperitoneal injection with 200 mL of D-luciferin (30 mg/mL). Mice were anesthetized with isoflurane (2% in 1 L/minute oxygen), and bioluminescence images were acquired 4-5 minutes after D-luciferin injection using the IVIS XR system (Caliper Life Sciences). Acquisition times ranged from 10 seconds (for later time points) to 5 minutes (for early time points). Data are expressed as total photon flux and were analyzed using Living Image 3.0 software (Caliper Life Sciences). Animal experiments were approved by the Thomas Jefferson University's Institutional Animal Care and Use Committee.
IHC and survival analysis for CCR5
Quantitative immunofluorescence-based IHC and survival analysis for CCR5 were performed as previously described (27, 28) on tumors from a cohort of patients with node-negative breast cancer (27) . Briefly, after deparaffinization and rehydration, antigen retrieval was performed by microwave treatment in citrate buffer (pH 9; DAKO). Sections were blocked with 10% goat serum and followed by incubation of primary anti-CCR5 (Abcam) at a dilution of 1:200 for 30 minutes. Sections were then washed thrice with TBS and subsequently incubated with anti-pan-cytokeratin antibody (Dako, Cat#AE1/AE3) for 1 hour. Bound CCR5 antibody was detected using an anti-rabbit horseradish peroxidase-conjugated secondary antibody (DAKO EnVision-Plus), followed by incubation with Tyramide-Cy5 (Perkin-Elmer). Cytokeratin was visualized by further incubating the sections with an anti-mouse secondary antibody conjugated to Alexa 555 (Molecular Probes). Finally, all sections were stained with 4,6-diamidino-2-phenylindole (DAPI; Vector) for nuclear visualization. Slides were imaged on an Aperio Scanscope FL and quantitative expression levels were determined using Tissue Studio (Definiens) image analysis software. Analysis of overall survival was conducted using Xtile (28) to establish data-driven, optimal cut-off point for dichotomization (high vs. low) of CCR5 levels in the cohort. SPSS software was used to evaluate the differences between patients with high versus low CCR5 levels using the Kaplan-Meier estimator of the survival curves and logrank test, and Cox regression was used for multivariable analyses.
Drug screens
We screened drug response to the CCR5 inhibitors alone and in combination using breast cancer cell lines as described previously (29, 30) . Briefly, cells were plated into 96-well plates and treated with CCR5 inhibitor (either Maraviroc or Vicriviroc), doxorubicin, or at 1:1 molar ratio of the two drugs as described previously (29) . Briefly, we prepared drug treatment plates that were randomized to minimize plate edge effects. Each drug was assessed at nine different concentrations that varied by two-fold, in triplicate. Cells were plated, allowed to adhere overnight, and then treated with drug for 72 hours. A measurement of cell number was made at both the time of treatment (time 0) and after drug treatment (time 72) using CTG reagent (Promega) to allow for calculation of percent growth inhibition and the dose required to inhibit growth rate by 50% (GR50), as described recently (31) . We used the online GR50 calculator tool for all GR50 calculations (see: http:// www.grcalculator.org/grcalculator/).
DNA repair assays
The DNA repair reporter assays were previously described (21, 32) . The DR-GFP expression plasmid is repaired by the homology-directed repair (HDR) pathway. With DR-GFP, an I-SceI-induced double-strand break (DSB) in the upstream SceGFP cassette, followed by HDR that uses the downstream homologous template (iGFP) to prime nascent DNA synthesis, restores the GFP þ cassette cointroduced with I-SceI. The number of GFP-positive cells is determined. The repair of singlestrand breaks (single-strand annealing) was assayed with the SA-GFP reporter. The SA-GFP reporter contains a GFP fragment separated 2.7 kilobases (kb) from a GFP fragment that contains an I-SceI recognition site (33) . The two GFP fragments share 266 nt of homology that can bridge the I-SceI-induced DSB during SSA, thereby restoring a functional GFP þ cassette. NZ-GFP, a plasmid encoding stable expressed GFP, was used as transfection efficiency control. The DNA repair activity was showed as (R I-SceI ÀR pCAGGS )/R NZ-GFP . R I-SceI , R pCAGGS and R NZ-GFP represent the ratio of GFP-positive cells in I-SceI, pCAGGS-BSKX, and NZ-GFP transfected cells, respectively.
Single-cell RNA-seq
CCR5 þ and CCR5 À cells were isolated by FACS sorting as described above. The single-cell RNA-seq libraries were constructed with the REPLI-g single-cell RNA library kit (Qiagen). All single-cell libraries were sequenced on an IlluminaHiSeq 2000 platform (Illumina). The raw reads generated were filtered according to sequencing quality and with regard to adaptor contamination and duplicated reads. Thus, only high-quality reads remained and were used in the genome assembly. The RNA-seq data were analyzed with Partek Flow version 4 (Partek Inc.). Bases with Phred score less than 20 were trimmed from both ends of the raw sequencing reads, and trimmed reads shorter than 25 nt were excluded from downstream analyses. Both pre-and postalignment quality assessment and quality control was carried out with default settings as part of Flow workflow. Trimmed reads were mapped onto human genome hg38 using Tophat 2.0.8 as implemented in Flow with default settings, and using Gencode 20 annotation as guidance. The Gencode 20 annotation (www. gencodegenes.org) was used to quantify aligned reads to genes/ transcripts using the method of Partek (34) . Read counts per gene in all samples were normalized using Upper Quartile normalization (35) and analyzed for differential expression using Partek's Gene Specific Analysis method (genes with less than 10 reads in any sample were excluded). To generate significantly differentially expressed genes among all samples, a cutoff of FDR was adjusted to P < 0.05 (Poisson regression) with a >2-fold change applied. Principal component analysis of gene expression on all single cells was performed with the Partek package. Pathway analysis was performed using the Ingenuity pathway analysis package (Qiagen Bioinformatics).
Results

CCR5 þ breast cancer cells form mammospheres
We had previously shown that CCR5 expression in human breast cancer is associated with increased metastatic progression and more aggressive disease (6) . To extend these studies, we determined CCR5 protein IHC staining in 549 human breast cancers. CCR5 staining was heterogeneous within individual human breast cancer specimens as shown in three representative cases of breast adenocarcinomas immunostained for CCR5 (red), pan-Cytokeratin (green), and cell nuclei (DAPI; blue). Both cellto-cell and region-to-region variability of CCR5 expression was observed within each tumor specimen ( Fig. 1A ; Supplementary  Fig. S1 ). Consistent with a prometastatic role of CCR5 in breast cancer, node-negative patients whose tumors expressed the highest levels of CCR5 protein were at increased risk of death ( Fig. 1B) . The patient population demographics are shown in Supplementary Table S1 ). High CCR5 remained an independent marker for unfavorable outcome in node-negative breast cancer patients after multivariable adjustment for patient demographic and pathologic tumor features, including menopausal status and race, tumor grade and size, and pathologic ERa, PR, and Her2 status (Supplementary Table S2 ).
Only a small subpopulation of cells within a breast tumor initiates tumor formation in mice. These tumor-initiating cells correlate with increased propensity to metastasize (36) . The ability of the cells to grow as a sphere under specific culture conditions has been shown to represent a propensity toward progenitor cell expansion and correlates with both tumor-initiating ability and metastatic capacity (36) . Mammospheres thus reflect the relative propensity for progenitor cell formation (19, 37, 38) . To determine the role of CCR5 þ cells within the heterogeneous tumors to form mammospheres, the basal breast cancer cell lines including SUM-159, SUM-149, and FC-IBC-02 were assessed. Consistent with the known heterogeneity of breast cancers, FACS identified a subset of CCR5 positive cells (about 1%-10%) within the SUM-159 cell line (Fig. 1C ) as well as two other cell lines (SUM-149 and FC-IBC-02, Supplementary Fig.  S2A ). To examine the contribution of CCR5 to the formation of mammospheres, FACS sorting was conducted and equal number of the CCR5 þ versus CCR5 À were assessed. The relative number of mammospheres was increased 5-fold in SUM-159, 12-fold in SUM-149, and 2-fold in FC-IBC-02 comparing the CCR5 þ with CCR5 À cells ( Fig. 1D-F ; P < 0.05 for all of cell lines) with representative morphology of CCR5 À vs. CCR5 þ SUM-159 cell mammospheres shown in Supplementary Fig. S2B . Both SUM149 and FC-IBC-02 cell lines were derived as the model of inflammatory breast (IBC). IBC has a high capacity to spread early with significant risk of disease recurrence and lower survival rates. The CCR5 þ population of both IBC cell lines showed enhanced mammosphere formation.
Cell surface markers have been defined as an additional characteristic of cancer stem cells with enrichment of EpCAM þ CD24 À CD44 þ correlating with stem cell characteristics (18, 19) . We therefore conducted CCR5-based FACS sorting of breast cancer cells, and subsequently examined the relative distribution of the EpCAM þ CD24 À CD44 þ cell surface markers in the CCR5 þ versus CCR5 À cells. In SUM-159 cells, there was an approximately 20-fold increase in the relative proportion of EpCAM þ CD24 À CD44 þ ( Supplementary Fig. S2C, 20 .5% vs. 0.91%).
CCR5 þ breast cancer cells show enhanced ability to initiate tumors in vivo
Breast cancers are thought to contain stem-like cells that contribute to tumor initiation and metastasis (36) . To define the tumor-initiating propensity of CCR5 þ breast cancer cells, SUM-159 breast cancer cells stable expressing luciferase 2 (Luc2) were FACS sorted into CCR5 þ versus CCR5 À populations based on APC-labeled CCR5 staining. An equal number of CCR5 þ or CCR5 À cells were injected subcutaneously into the lower flank region of nude mice and the tumor formation was monitored with an in vivo bioluminescence imaging system (IVIS) (Fig. 1G ). The tumor volume is shown as photon flux of Luc2 labeled breast cancer cells. The CCR5 þ subpopulation of SUM-159 cells developed substantial tumors, increasing 60-fold over 4 months (1.94 Â 10 8 vs. 3.25 Â 10 6 , P < 0.05; Fig. 1H ; Supplementary Fig. S3A and S3B). In contrast, the CCR5 À population declined in size in the same period, resulting in a 770-fold difference in tumor volume assessed by photon flux at 4 months ( Fig. 1H ; Supplementary Fig. S3A and S3B ). These studies are consistent with an important role for CCR5 þ cells in the process of tumor initiation. In the animal in which CCR5 À cells were injected subcutaneously into the lower flank region of nude mice and a tiny yet detectable tumor remained, IHC staining for CCR5 identified detectable heterogeneous staining CCR5, which may reflect either some contamination in the FACS sorting, or reexpression of CCR5 ( Supplementary Fig. S3C ).
CCR5 antagonists block metastases of basal breast cancer in vivo
The SUM-159 cells were stably transfected with an expression vector encoding CCR5 or an empty control vector ( Fig. 2A ). CCR5 expression increased mammosphere formation by 2-fold ( Fig. 2B ). However, there was a more modest (23%) but significant increase in proliferation between CCR5-expressing and control vector-transfected SUM-159 cells ( Supplementary  Fig. S4A , P < 0.001 at 96 hours). An equal number of CCR5expressing SUM-159 or its vector control cells were subcutaneously injected into the mice and tumor growth was examined over 6 weeks ( Fig. 2C ; Supplementary Fig. S4B ). The mean size of tumor volume was determined using photon flux and expressed on a linear ( Fig. 2D ) and a log scale ( Fig. 2E ). The size of tumors was enhanced 10,000-fold by CCR5 expression ( Fig. 2E ). Together, these studies demonstrated both endogenous CCR5, and overexpression of CCR5 in breast cancer cells, is sufficient for the induction of basal breast cancer cellular tumor formation in vivo. IHC staining of the tumors for CCR5 identified relatively homogeneous high-level expression of CCR5 in the SUM-159 cells stably transfected with the CCR5 expression vector, and minor heterogeneous staining for CCR5 in the empty control stable line tumors ( Supplementary Fig. S4C ).
The CCR5 antagonist Maraviroc was previously approved by the FDA for the use in treatment-na€ ve adults with CCR5-trophic HIV. To determine the role of endogenous CCR5 in metastases, Luc2-expressing SUM-159 cells were introduced into NOD/SCID C P < 0.05 mice via intracardiac injection, and tumor volume was characterized by fluorescence of the cells using the IVIS system (Fig. 2F) . Animals were treated with the bioequivalent dose of Maraviroc that had been approved as safe and used in humans for treatment 
CCR5 promotes DNA repair
To characterize the functional pathways regulated by CCR5 within the SUM-159 basal breast cancer cells, both CCR5 þ and CCR5 À cells were separated by FACS sorting and subjected to microarray mRNA analysis ( Supplementary Fig. S5A ). The "Gene Ontology" pathway analysis identified a subset of pathways enriched in CCR5 þ breast cancer cells, including pathways involved in "DNA repair" and "response to DNA damage stimulus" (Fig. 3A) . The "DNA repair"-related genes involved members of BER and recombination repair (HR and NHEJ; Fig. 3B ; Supplementary Fig. S5B and S5C) .
In view of the finding that CCR5 þ cells were enriched for expression of genes involved in DNA repair, we examined the functional significance of CCR5 in response to DNA damageinducing agents that are used in treatment of breast cancer patients (g-radiation and doxorubicin). Histone H2AX phosphorylation at Serine 139 (gH2AX) recruits proteins that either sense or signal the presence of DNA damage and can be used as surrogate marker of DNA damage/repair. SUM-159 cells, either expressing CCR5 or a control vector, were compared for the DNA damage response. g-irradiation of SUM-159 cells induced gH2AX; however, CCR5enriched cells showed reduced gH2AX at 24 hours, consistent with A, Microarray gene expression was analyzed in CCR5 þ versus CCR5 À cells separated from SUM-159 breast cancer cells by FACS sorting. Gene Ontology pathway analysis demonstrates pathways regulated in CCR5 þ versus CCR5 À cells. The "response to DNA damage stimulus" and "DNA repair" pathways are shown with number of genes and enrichment score. Additional pathways include "response to unfolded proteins," "actin filament-based process," and "actin cytoskeleton organization." B, Heatmap display of gene expression from the DNA damage repair signaling pathways. C, SUM-159 cells stably expressing CCR5 or control vector were treated with g-radiation (6.5 Gy). The samples were collected at 1, 3, and 24 hours after g-radiation. D, The kinetics of induction and subsequent reduction of phospho-gH2AX abundance was faster in CCR5 stable-transfected cells than vector-control cells shown from quantitation of Western blotting. Data are representative of three separate experiments. E, The CCR5 stably-transfected and vector-control SUM-159 cells were treated with the DNA damage-inducing breast cancer therapeutic agent doxorubicin for 7 days and analyzed by Western blot analysis. DNA damage, shown by the abundance of phospho-gH2AX, was reduced in CCR5-transfected cells. F, The relative intensity of gH2AX is shown as mean AE SEM of three separate experiments. G and H, FACS analysis of phospho-gH2AX in CCR5 þ and CCR5 À SUM-159 cells. After doxorubicin treatment, the kinetics of induction and subsequent reduction of phospho-gH2AX abundance was faster in CCR5 þ cell than in CCR5 À cells.
increased DNA repair ( Fig. 3C and D) . Similar observations were made in MDA-MB-231 cells in which MDA-MB-231 cells stably expressing a CCR5 expression vector showed reduced gH2AX staining at 24 hours after either g-irradiation or after doxorubicin release ( Supplementary Fig. S6A and S6B) . The DNA intercalating anthracycline, doxorubicin, is used for the treatment of human breast cancer. Treatment of SUM-159 cells with doxorubicin induced gH2AX phosphorylation at 100 and 200 nmol/L after 24 hours; however, CCR5 enriched cells showed reduced gH2AX when normalized to the protein loading control vinculin ( Fig. 3E and F) .
To examine the DNA damage response of the CCR5 þ cells to DNA damage within the heterogeneous tumor environment, Doxorubicin treatment was given at À24 hours and removed at time 0 hours ( Fig. 3G and H) . As SUM-159 cells contain a heterogeneous population of CCR5 þ and CCR5 À cells, FACS sorting was conducted, and the two populations were examined for the relative abundance of gH2AX after treatment with doxorubicin ( Fig. 3G and H) . The relative abundance of gH2AX was enhanced in the CCR5 þ cells after treatment with doxorubicin ( Fig. 3H ), which rapidly declined over the subsequent 24 hours compared with CCR5 À cells (Fig. 3H ).
CCR5 induces repair of double-strand and single-strand DNA damage
As microarray-based gene expression had demonstrated CCR5 þ cells were enriched for expression of pathways mediating DNA repair, we examined the levels of gene expression and assessed DNA repair activity mediated by CCR5 using surrogate reporter gene assays. We conducted further analyses of CCR5mediated DNA repair by comparing CCR5 þ versus CCR5 À cells after FACS separation. Quantitative RT-PCR analysis demonstrated the induction in the relative abundance of several genes that contribute to the repair of HDR (FANCB), BER (LIG3, POLE), and nucleotide excision repair (CRY1; Fig. 4A-C; Supplementary Fig.  S7 ).
To examine the effects of CCR5 on the DNA repair process, a DNA repair reporter assay (21) was deployed. The DR-GFP expression plasmid is repaired by the HDR pathway. With DR-GFP, an I-SceI-induced DSB in the upstream SceGFP cassette, is followed by HDR that uses the downstream homologous template (iGFP) to prime nascent DNA synthesis and restores the GFP þ cassette (Fig. 4D) , when the plasmid is cointroduced with I-SceI into cultured cells. The number of GFP-positive cells was determined. By FACS sorting for CCR5 þ versus CCR5 À , we determined the role of CCR5 to HDR activity using the repair reporter assays ( Supplementary Fig. S8A ). CCR5 þ cells, reflecting endogenous CCR5, showed a 9-fold greater activity of DR-GFP (Fig. 4E ).
An additional mechanism for repairing double-stranded DNA breaks induced by cytotoxic lesions, involves SSA, which can be assayed with the SA-GFP reporter (Fig. 4F) . The SA-GFP reporter contains a GFP fragment separated 2.7 kilobases (kb) from a GFP fragment that contains an I-SceI recognition site (33) . The two GFP fragments share 266 nt of homology that can bridge the I-SceI-induced DSB during SSA, thereby restoring a functional GFP þ cassette. We assayed the role of CCR5 in DNA repair using cells stably expressing CCR5 versus vector control ( Supplementary Fig.  S8B ). CCR5 expression enhanced DR-GFP activity 4-fold (Fig. 4E , n ¼ 3, P < 0.048) and SA-GFP was enhanced 2-fold ( Fig. 4G , n ¼ 5, P < 0.031). Thus, the CCR5-enriched cells augment ability to repair double-stranded DNA breaks, which can be induced by cytotoxic lesions.
CCR5 antagonists enhance cell killing by DNA damageinducing chemotherapy agents used for breast cancer treatment
We reasoned that CCR5 inhibitors might sensitize cells to DNAdamaging agents, allowing for chemotherapy dose reduction to reduce peripheral toxicity. To test this hypothesis, we treated nine different breast cancer cell lines with either Maraviroc (Fig. 5A) or Vicroviroc (Fig. 5B ) in combination with doxorubicin, an intercalating agent that disrupts topoisomerase II that causes DNA damage. Neither Vicroviroc nor Maraviroc caused significant cytotoxicity. Doxorubicin significantly reduced cell viability, producing GR50 values ranging from 0.4-6 mmol/L for the five cell lines (Fig. 5C ). The addition of either Maraviroc and Vicroviroc to doxorubicin resulted in substantially decreased cell viability as measured by GR50 value estimates, compared with the same dose of doxorubicin alone in each cell line, except SUM1315MO2 ( Fig.  5C ; Supplementary Table S3 ), shown by colorimetric scale for synergy of cell killing in Supplementary Fig. S9A and S9B. CCR5 inhibitor addition increased the GR50 of doxorubicin-mediated cell killing by up to 4-fold.
Single-cell sequencing reveals volatility of gene expression in the CCR5 þ breast cancer cellular population
The stem cell hypothesis of cancer proposes that a single stemlike cell is both capable of unlimited self-renewal and has the potential to differentiate into specialized types of cells. Our functional analysis conducted suggested CCR5 þ cells have several features of "stem like cells" including the capacity to form mammospheres, the ability to initiate tumors, and the ability to give rise to metastasis when compared with the CCR5 À cells. Sequencing of individual stem like cells has revealed tumors consist of heterogeneous populations. Single-cell RNA-seq has been used to dissect cellular heterogeneity within a tissue-specific stem cell population. To identify the regulatory relationships within the cell driven by CCR5, it is ideal to conduct single-cell molecular analysis, for which we deployed the microfluidic approach (39). Single-cell RNA sequencing studies were conducted of CCR5 þ versus CCR5 À SUM-159 cell. The Volcano plot, which displays the mean differences in gene expression between CCR5 þ versus CCR5 À cells, plotted as significance of differences (P < 0.05, vs. log 2 -fold change, showed a subset of genes that were induced between 2 5 (32)-to 2 10 (1,000)-fold (Fig. 6A) . These genes are involved in ribosomal biogenesis. Heatmap display of individual cell RNA-seq showed difference in gene expression with the top genes involved in protein synthesis (Fig. 6B ). Principal component analysis (PCA) identified significant gene expression pattern differences between individual CCR5 þ (red) and CCR5 À (blue) cells (Fig. 6C) . The CCR5 À cells were more homogeneous than the CCR5 þ cells. These findings are consistent with greater heterogeneity in gene expression among the individual CCR5 þ cells. Such heterogeneity is also seen when examining the display of altered gene expression changes for each of the 6 CCR5 þ (red) cells sequenced. CCR5 þ (red) cells exhibit great differences in levels of gene expression between cells within the CCR5 þ group (Fig. 6D) .
To examine the biological pathways governed by CCR5, unbiased interrogation was conducted using Kyoto Encyclopedia of Genes and Genomes and Gene Ontology (GO; Fig. 7A ; Supplementary Fig. S10A and S10B) . Substantial pathway enrichment was identified for ribosomal biogenesis, and the Akt-PI3K signaling pathway (Fig. 7A) . The induction of gene expression pathways involved in ribosomal biogenesis and Akt signaling in the CCR5 þ population are consistent with the known induction of Akt signaling by CCR5 (40) and the induction of ribosomal biogenesis by Akt signaling (41) . To determine the potential role of the Akt signaling by CCR5 in the DNA damage response, we deployed the selective ATP-competitive pan-Akt inhibitor GDC-0068 (ipatasertib). SUM-159 cells treated with Maraviroc showed an induction of gH2AX, which was augmented by the addition of ipatasertib (10 nmol/L; Fig. 7B ). Ipatasertib induced pAkt, consistent with prior studies (42) , and its mechanism of action as a selective ATP-competitive inhibitor. Doxorubicin induced gH2AX compared with vehicle control, which was dramatically enhanced further by the addition of Maraviroc ( Fig. 7B and C) . The addition of ipatersertib to doxorubicin provided no significant additional induction of gH2AX.
To determine whether CCR5 mediated Akt signaling in doxorubicin-resistant breast cancer cells, MDA-MB-175VII (p53 wt) . CCR5 enhances both HDR and SSA DNA repair. A-C, Gene expression was determined from cells (CCR5 þ vs. CCR5 À cells derived by FACS sorting, Supplementary Fig. S5 ) using qRT-PCR. The relative abundance of the transcripts participating in DNA damage/repair are shown as mean AE SEM for n ¼ 4. D, Schematic representation of the DNA repair reporter (DR-GFP) for HDR. E, HDR activity was increased in CCR5 þ SUM-159 cells. The cells were cotransfected with the plasmid encoding I-SceI and the I-SceI-based DNA repair reporter DR-GFP or SA-GFP, for SSA (F) and stained with APC-labeled anti-CCR5 antibody. GFP þ cells, generated by HDR of I-SceIinduced double-strand DNA, were sorted by FACS into CCR5 À and CCR5 þ populations ( Supplementary Fig. S8 ). The percentage of DR-GFP þ cells or SA-GFP-positive cells were calculated and normalized with the transfection efficiency control (NZ-GFP). G, The percentage of DR-GFP þ and SA-GFP þ cells was increased in CCR5-expressing cells compared with vector control cells. cell line was deployed. Doxorubicin was used at a dose well below the cell-killing threshold at 200 nmol/L. Maraviroc reduced pAkt in the basal state, in the presence of doxorubicin and upon the addition of ipatasertib (Fig. 7D) . These studies suggest that CCR5 mediates the induction of Akt activity in both SUM-159 and MDA-MB-175VII breast cancer cells.
To determine whether CCR5 remains a viable target for breast cancer treated with doxorubicin, we selected doxorubicin-resistant breast cancer cell lines (Materials and Methods), and then conducted semiquantitative analyses of CCR5 by FACS sorting (Fig. 7E; Supplementary Fig. S11 ). The doxorubicin-resistant breast cancer cells showed a greater than 2-fold relative increase in the proportion of CCR5 þ cells (Fig. 7E) .
Together, these studies suggest that CCR5 inhibition reduces pAkt and induces gH2AX. Single-cell RNA sequencing of CCR5 þ versus CCR5 À SUM-159 cells. A, Volcano plot displays the mean differences in gene expression between CCR5 À (n ¼ 5) versus CCR5 þ (n ¼ 6) cells plotted as significance of differences versus log 2 -fold change. B, Heatmap display of individual cell RNA-seq showing difference in gene expression levels. C, Principal component analysis illustrating significant differences between individual CCR5 þ cells (red) and CCR5 À cells (blue). CCR5 þ cells are more diverse and spread out in a broader area of PC1 versus PC2 than those of CCR5 À cells. D, Display of expression levels for 68 genes differentially expressed between CCR5 þ and CCR5 À cells. The expression levels of the 68 genes in each cell were plotted. For each gene on the x-axis, red dots represent the expression levels of expression in the 6 CCR5 þ cells. Blue dots represent the expression levels of 5 CCR5 À cells. The CCR5 þ cells show a substantially larger number of genes with dramatically enhanced levels of gene expression when compared with the CCR5 À cells.
Discussion
The current study identified novel functions of CCR5 in breast cancer that are relevant to patient therapy and suggest CCR5 may participate in certain characteristics of breast cancer stem cells in breast cancer. First, human breast cancer and breast cancer cell lines were shown to express CCR5 with expression patterns that are heterogeneous within the tumor, and higher cytoplasmic CCR5 staining correlated with poor prognosis. Second, the CCR5 þ -expressing human breast cancer cells within the tumor initiate tumors in mice that grow approximately 60-fold larger than CCR5 À cells. Third, CCR5 antagonists reduced the ability of basal breast cancer cells to metastasize. Fourth, CCR5 expression correlated with the ability of breast cancer cells to form mammospheres, a surrogate assay for tumor-initiating cells. Fifth, functional analysis demonstrated endogenous CCR5 enhanced DNA repair (HDR and SSA) in response to DNA-damaging agents used in chemotherapy for breast cancer and enhanced repair in Supplementary Fig. S9) . B-E, The functional significance of the PI3K/Akt pathway in CCR5-mediated DNA damage signaling was assessed using the ATP-competitive, small-molecule pan-Akt inhibitor (ipatasertib) and or the CCR5 inhibitor Maraviroc in doxorubicin-treated cells. Western blot analysis was conducted as shown for SUM-159 cells (B), with data shown as mean AE SEM for the densitometry of N ¼ 2 separate experiments (C) or in D for MDA-MB-175VII (doxorubicin-resistant breast cancer cells). E, The relative abundance of CCR5 þ cells assessed by FACS analysis ( Supplementary Fig. S10 ) comparing parental and doxorubicin-resistant cells, derived as described in Materials and Methods.
response to high dose g-irradiation and unbiased gene expression analysis of CCR5 þ cells demonstrated enrichment of pathways governing DNA damage and DNA repair. Consequently, CCR5 antagonists substantially enhanced the cell killing of diverse human breast cancer cell lines in response to DNA damageinducing chemotherapy. The role of p53 in CCR5-dependent proliferation is controversial (43) and the role of p53 in CCR5-dependent metastasis is not known. Human breast cancers harbor p53 mutations in approximately 40% of cases. Therefore, understanding the function of CCR5 in p53 À human breast cancer is of importance. The current studies demonstrated that CCR5 promoted breast tumor metastasis and that CCR5 inhibitors block breast tumor metastasis in p53 À SUM-159 cells, extending prior studies in MDA-MB-231, which are p53 þ cells (22) . In prior studies, inhibition of CCR5 expression by a CCR5D32 mutant enhanced BrdUrd uptake of breast tumor cells that were p53 wild-type but not p53 mutant (43) . The current studies were therefore conducted to determine the role of CCR5 in p53-independent growth and metastasis. In the current studies, CCR5 induced metastasis in p53 À breast cancer cells in vivo. The difference in our findings compared with prior studies may relate to the different approaches used to inactivate CCR5 signaling in the two studies. In the previous publication, expression of a CCR5D32 mutant was used to inactivate CCR5 (43) . The current studies used complementary approaches of firstly CCR5-specific small-molecule inhibitors, secondly FACS sorting of CCR5 þ populations, and thirdly engineering of CCR5 into CCR5 À cells. Compared with MDA-MB-231 cells, SUM-159 cells exhibit approximately 1 log order greater resistance to DNA-damaging agents (5-FdUR, 5-FU), DNA crosslinked compounds (carboplatin), HSP90 inhibitors (17-AAG), and polyamine analogues (CGC11047; ref. 30 ). Therefore, understanding whether CCR5 antagonists block growth of SUM-159 tumors, that are more resistant to current treatment, is of importance.
In the current studies, genomic pathway analysis of CCR5 þ versus CCR5 À cells demonstrated the altered regulation of pathways involved in DNA repair. Using DNA damage functional reporter gene assays, CCR5 was shown to enhance the repair of DSBs by inducing HDR and SSA-based DNA repair. We deployed CCR5 antagonists in the presence of DNA-damaging agents and the reporters DR-GFP and SA-GFP (SSA; refs. 33, 44) . HDR is essential to limit mutagenesis, chromosomal instability, and tumorigenesis. In mammalian cells, DSBs may be repaired by either HDR or NHEJ and SSA. Defects in these repair mechanisms can result in chromosomal fusions, translocations, and breaks (45) . DNA damage and double-strand breaks induce NHEJ and HR and oncogenes such as the c-Myc oncogene are known to disrupt the repair of double-strand DNA breaks, increasing chromosomal breaks (46) . c-Myc inhibited the repair of DNA breaks and blocked the repair of single-strand breaks (46) . The current studies demonstrate that CCR5 augments DNA repair.
In the current studies, CCR5 þ cells demonstrated several features characteristic of breast cancer stem cells, including the increased formation of mammospheres, enhanced ability to initiate tumors, metastatic capacity, and enhanced DNA repair activity. CCR5 þ SUM-159 cells gave rise to a greater proportion of mammospheres, which are considered a surrogate measure of breast cancer stem cells. Several lines of evidence have suggested an association between CSCs and enhanced DNA repair. The ability of CSCs to survive stressful conditions is correlated with protection of genomic integrity by activation of the DNA sensor and repair machinery (47) . CD133 þ glioblastoma stem cells activate Chk1 and ATM faster than CD133 À cells (48) . Significant increases in DNA repair gene expression has been observed in pancreatic CSCs (49) . Colon and lung CSCs activate Chk1 more efficiently than parental (50) and enhanced DNA repair has been described in breast CSCs (19) . Collectively, these studies are consistent with a model in which CSCs are enriched for DNA repair activities, and that CCR5 induces both CSC and DNA repair activities independently of p53.
Our single-cell transcriptome analysis on CCR5 þ and CCR5 À cells revealed that levels of gene expression and volatility of gene expression, assessed through principal component analysis, are substantially increased in CCR5 þ cells. Only a few studies addressed tumor transcriptome heterogeneity at the single-cell level of resolution (51) (52) (53) . The molecular pathways activated in CCR5 þ cells included ribosomal biogenesis and Akt-PI3K signaling. The induction of PI3K/Akt signaling in CCR5 þ cells is consistent with prior studies in inflammatory cells (54) , demonstrating CCR5 induces Akt. Furthermore, Akt is known to enhance ribosomal biogenesis and DNA repair (41) . Together, these studies are consistent with a model in which CCR5-mediated induction of Akt enhances ribosomal biogenesis and DNA repair.
The rational development of DNA repair inhibitors that function specifically in the tumorous but not normal cells is an important goal of cancer therapies. We showed that CCR5 is selectively overexpressed in breast cancer cells compared with normal tissues and >50% of human breast cancer overexpress CCR5 (6) . The current studies demonstrate CCR5 inhibitors reduce DNA repair and enhance cell killing by DNA damageinducing agents in CCR5 þ human breast cancer. In the current studies, both Maraviroc and Vicriviroc increased the DNA damage-induced cell killing by doxorubicin in BRCA1or BRCA2defective cell lines. Because CCR5 inhibitors selectively reduce DNA repair and enhance DNA damage in the tumor, this study suggests CCR5 inhibitors may enhance the tumor-specific activities of DNA damage response-based treatments.
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